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Abstract. Martian surface slopes were calculated at baselines from 0.4 to 25 km using profiles
obtained by the Mars Orbiter Laser Altimeter (MOLA) instrument during the aerobraking phase of
the Mars Global Surveyor mission. Median slope is proposed as a characteristic measurement of
the typical surface roughness at each corresponding scale. Median slope is favored over RMS slope
because it is not influenced by the small number of higher slopes at the upper end of the slope-
frequency distribution tail. Median slope complements interquartile scale roughness characterization
in that it is more sensitive to smaller baseline slopes. A map of the median slope of the northern
hemisphere is presented. Median slopes and their scale dependences are used to characterize typical

kilometer-scale roughness for a set of geologic units mapped in the northern hemisphere. This
analysis demonstrates that many individual units and groups of units are characterized by
distinctive surface slopes and that these characteristics are sufficiently different that they hold
promise for use in the definition and characterization of units. Characterization of the slope
properties of geologic units provides information useful in the interpretation of their origin and
evolution. For example, the generally smooth topography of the diverse Vastitas Borealis
Formation subunits is dominated by about 3 km, 0.3° steep features almost indistinguishable in
Viking images. The roughness characteristics of this unit differ from those of other geologic units
on Mars and suggest some distinctive process(es) of formation and/or modification of kilometer-
scale topography common for all subunits. The similarity of roughness characteristics of the
several highland plateau units suggests that kilometer-scale topography was largely inherited from
the period of heavy bombardment. The northern polar cap and layered terrains are largely very
smooth at small scale. The long, steep-sloped tails of the slope-frequency distributions are
compared for the dominant terrain types in the northern hemisphere of Mars and are compared with
Earth continents. The Vastitas Borealis Formation found in the northern lowlands differs
significantly from both cratered uplands and volcanic plains, and these latter two units can be
distinguished from each other on the basis of median slope. Terrestrial continents are smoother
than cratered highlands but rougher than the Vastitas Borealis Formation and most volcanic plains.
An inventory of all observed slopes much steeper than the angle of repose is presented. Steep
slopes occur in the upper parts of tectonic scarps, most likely representing bedrock exposures. The
presence of extremely steep slopes in the presumably ductile polar cap provides evidence for

geologically recent and/or ongoing formation of these slopes.

1. Introduction

In 1997-1998 the Mars Observer Laser Altimeter (MOLA)
[Zuber et al., 1992; Smith et al., 1998] on board the Mars
Global Surveyor spacecraft [Albee et al., 1998] produced over
2.6 million measurements of surface elevation [Zuber et al.,
1998]. This initial survey covers the northern hemisphere of
Mars, with a high concentration of measurements at high lati-
tudes. The MOLA aerobraking phase data can be accessed
through the Planetary Data Systems Geosciences Node at URL
http://wwwpds.wustl.edu/mgs/mola. Part of this data set was
used by Zuber et al. [1998] to produce a topographic map of the
north polar region and to study the polar cap topography.
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Individual topographic profiles contain significantly more
information than an inevitably generalized topographic map
and analysis of individual profiles, together with images of the
surface, can provide important information about geologic
processes and history. For example, MOLA data have been used
to assess impact crater characteristics [Garvin and Frawley,
1998], characterize the dichotomy boundary [Frey et al.,
1998], analyze volcano morphometry [Head et al., 1998a], and
test the hypothesis of former oceans and lakes in the northern
lowlands [Head et al., 1998b]. However, the large volume of
individual data points cannot all be analyzed individually, and
statistical characterization of surface topography, such as
kilometer-scale surface roughness, can also provide important
information complementary to general topography. The choice
of a useful set of such statistical characteristics is not a simple
task; typically, slope distributions are described in terms of
root-mean-square (RMS) slopes, but this approach may not be
optimal for the description of slopes using laser altimeter data.
Aharonson et al. [1998, 1999] proposed the inter-quartile scale
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of topography as a general characteristic of 100-km-scale sur-
face roughness and studied the correlation length of topogra-
phy. In this paper we focus on the surface slopes along MOLA
profiles. We show that median slope is a robust statistical
characteristic of surface roughness. We compare this approach
to others and show how the, median slope and its scale depend-
ence can be used to derive some conclusions about different ter-
rain types and geological units on Mars. We also provide an
overview of the steepest slopes in the region of Mars thus far
surveyed by MOLA.

2. Calculation of Slopes

MOLA measured surface elevation with a high vertical accu-
racy in a set of points along the orbit of the spacecraft. The dis-
tance between subsequent points along each pass is about 400
m and changes systematically along the pass because of the el-
liptical orbit. The distance is maximal near the pericenter of
the orbit and seldom exceeds 30% of its typical value. In a very
few cases, surface elevation data points are missing. Some-
times these missing points are due to clouds and thus form
small, but continuous segments of passes. Other missing
points are due to noise or telemetry gaps and thus are scattered
along passes. Each height measurement refers to an approxi-
mately circular surface area of diameter of 70 — 300 m [Smith et
al., 1998]. The footprint diameter depends on the spacecraft
elevation and is minimal near the pericenter of the orbit.

~ For each MOLA surface data point, we calculated the point-
to-point surface slope. We consider it as a slope at the same
baseline, 0.4 km long, despite small variations of the actual
point-to-point distance. We also calculated a set of slope val-
ues for a set of longer baselines [Kreslavsky and Head, 1999a,
1999b]. Baseline lengths of 0.8, 1.6, 3.2, 6.4, 12.8, and 25.6
km were used. For each point for each baseline, points about
one-half-baseline ahead and about one-half-baseline behind
were found. The slopé between these points was considered as
the slope at the given baseline. We excluded points where there
were no neighboring points within 30% of the baseline length.

The accuracy of the calculated slope values depends on the
accuracy of elevation differences and the accuracy of spatial dis-
tances. The absolute accuracy of the MOLA elevation measure-
ments is defined by lohg-wavelength orbital uncertainties.
They do not influence the accuracy of the slope calculations.
The accuracy of the elevation difference between nearby points
depends on the roughness and tilt of the surface within the
footprint and changes from 0.3 m for a flat surface to ~20 m at
the S_teepest sites [Smith et al., 1998]. This corresponds to er-
rors in slopes of 0.05° or ~10%, which is higher for the short
baselines, or a few times better for the long baselines.

The absolute accuracy of the MOLA footprint location is of
the order of 1 km [Smith et al., 1998]. In most cases we can ex-
pect that the deviation of the inferred footprint location - from
its true position is similar for nearby points. In this case the
positioning inaccuracy does not influence the slope calculation
precision. However, in some cases, when instrument attitude
changes, the error can be significant. Some MOLA profiles
were taken with MOLA axes deflected from the local nadir to
cover the pole and some other interesting sites. We found that
statistics of slopes along these profiles is very different from
that along the regular profiles. Figure 1 shows examples of a
regular and an off-nadir proflle for the same site in the polar
cap. The saw-like variations of elevation in the off-nadir pro-
file are probably due to inaccuracy in the knowledge of the
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Figure 1. MOLA profiles at the site in the polar cap located
at 86°N, 240°W. Profile from orbit 245 was taken using the
regular geometry with MOLA axis directed to the local nadir.
Profile from orbit 382 was taken with off-nadir attitude. Passes
are approximately perpendicular to each other and cross some-
where in the center of the plot. The apparent difference in pro-
file pattern is probably due to errors in the axis direction meas-
urements for the off-nadir orbit.
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MOLA axis orientation, which leads to errors in the calculation
of elevation from the measured slant distance. We excluded all
off-nadir measurements from our statlstlcal studies of surface
slopes.

The point-to-point distance is not equal to 0.4 km every-
where and changes systematically with latitude. This leads to
some systematic deviation of the actual baseline from the ideal
one for short baselines. In turn, this leads to a bias in slope
statistics. As we learned from the analysis (see below), the de-
pendence of the slope statistical properties on the baseline
length varies to a great extent for different geologic units.
Hence there is not any straightforward and correct way to intro-
duce a correction for this systematic difference in the baseline.
We will see below that the dependence of the median slope on
the baseline length can be described with a power law. Typi-
cally, the power law exponent is lower than 0.5, although for
some unusual geologic units it can be up to 1. Hence the +30%
deviation of the baseline length typically leads to <15% bias
in the median slope, though rarely a higher bias is possible.
The width of the median slope variation range exceeds an order
of magnitude. The described latitudinal bias is small in com-
parison to this range. We removed all segments that fell out-
side the +30% baseline-length range and ignored the bias in our
study.

The finite (nonzero) size of the footprmt implies some av-
eraging (smoothing) of actual topography. We expect some in-
fluence of this effect on statistics of the point-to-the-nearest-
point slopes, where the footprint size is comparable to the
baseline length. Systematic changes of the footprint size with
latitude, especially together with the systematic changes of the
point-to-point distance, can lead to another bias in slope sta-
tistics. In our analysis. of the dependence of the median slope
on the baseline length (see below) we do not see any noticeable
systematic deflection of the median slope at the shortest base-
line from the trend. This means that the effect of the averaging
on the median slope is small. In turn, this means that any bias
in this effect is negligible.

Examples of cumulative slope-frequency distributions calcu-
lated using all available data are presented in Figure 2. The dis-
tributions correspond to three selected baselines. The cumula-
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Figure 2. Cumulative slope-frequency distribution (F) for
three baselines. The distributions are calculated using all avail-
able good data points. Shown also is an approximation of the
0.4-km-baseline slope distribution with exponential distribu-
tion function. The arrow illustrates the definition of the median
slope.

tive distribution function F is defined here as the percentage of
data points with a slope steeper than that given. Note that
these distributions do not represent an “average Mars” because
the data points are not spread evenly or randomly over the sur-
face. The distribution functions are rather similar to exponen-
tial ones for gentle slopes (Figure 2) and decrease much more
slowly for steeper slopes. It is observed that typical surface
slopes decrease with increasing baseline length.

3. Approach to Characterization of Surface
Roughness

Our goal is to characterize the kilometer-scale surface
roughness using slope-frequency distribution statistics. In this
study we restrict ourselves to “local” statistics. This means that
we consider parameters of the slope-frequency distribution in a
region or in a profile segment, and do not consider any correla-
tion between neighboring points, which is the subject of future
studies. An attempt to apply a nonlocal characteristic of
roughness, the correlation length, to the MOLA data was done
by Aharonson et al. [1998, 1999].

3.1. Median Slope

Traditionally, RMS slope is used as a “local” characteristic
of surface roughness. For example, Aharonson et al. [1998]
mapped the RMS slope in a 100-km-wide sliding window along
profiles. However, in some situations the RMS slope does not
provide a good characterization of typical surface slopes. Such
situations are discussed from an elementary mathematical
viewpoint, for example, by van der Vaerden [1969, section
20]. Our analysis shows that the RMS slope is not a good
measure of the surface roughness in the case of MOLA data
[Kreslavsky and Head, 1999a, 1999b]. The reason for this is
that the slope-frequency distribution has a long tail. This
means that there are some rare extremely steep slopes. They
have a significant effect during the averaging of the squares of
slopes. Thus the RMS slope is controlled significantly by the
presence of these rare steep slopes, rather than by typical
surface slopes.
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For example, the typical point-to-point slope for the vast
northern plains on Mars is about 0.3°, although there are some
impact craters in these plains with slopes as steep as 30°. If a
50-km-long segment of a profile in the northern plains con-
tains only one point with a 30° slope and other points have
slopes about 0.3°, the RMS slope for this segment is almost
2°, much steeper than the typical surface slope. Therefore varia-
tions of the RMS slope in the northern plains reflect the pres-
ence of impact craters, rather than the intrinsic surface rough-
ness of the region or units themselves.

The long tail of the distribution has an additional conse-
quence for the RMS slope. If we increase the number of points
for averaging (e.g., enlarge the sample), the probability of
finding extremely steep slopes gets higher, and the RMS slope
increases. In fact, we did observe this systematic increase of
RMS slope with increase in the size of the sample for the same
terrain types.

Keeping the disadvantages of RMS slope in mind, several
alternative characteristics of surface roughness can be outlined.
The mean absolute value of slope is less influenced by the
steep-slope tail of the distribution. However, for rough high-
land terrains on Mars, the slope frequency decreases too slowly
with increasing scale of slopes, and mean slope has the same
shortcomings as RMS slope.

Another approach is to delete some of the steepest slopes
(see Figure 3), for example, the steepest 10% or 20% of the
sample, and calculate the RMS slope or the mean slope for the
rest of the sample. This eliminates the problem related to the
distribution tail. However, the results depend on the onset
level, and there is no natural way to define it uniquely.

It is possible to approximate the slope-frequency distribu-
tion (except the tail) with some function, for example, the ex-
ponent (Figure 2), and use the parameters of the exponent to
characterize the roughness. This is a good way until the slope
distribution of the sample differs significantly from the model
distribution. We found that different units have different distri-
butions. In particular, the global tilt of the surface noticeably
distorts the slope-frequency distributions of smooth surfaces.

Rank (order) statistics are a good solution for characteriza-
tion of typical slopes of the surface. Below we will use the
simplest rank statistics, the median absolute value of slope.
We will refer this quantity as the median slope. Its definition is
illustrated in Figure 2. This characteristic is universal and es-
sentially uninfluenced by the distribution tail.
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Figure 3. The steepest point-to-point slopes from MOLA
data grouped according to class of the corresponding features.
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Slopes never increase with increasing of the baseline. For
virtually all surfaces, slopes decrease with increasing the base-
line length. Parameters of this decrease give an essential in-
formation about slope statistics.

The median slope at some baseline can be defined by a set of
surface features of different scales. On Mars, with its great
range of topographic variations, the regional slope can con-
tribute significantly to the median slope values for some ter-
rains. From the value of the median slope alone, it is impossi-
ble to distinguish whether this value reflects regional slopes or
kilometer-scale surface roughness. Below we will show how the
study of the dependence of median slope on baseline length
helps to distinguish between these cases.

In treating the statistical characterization of roughness at
some scale, one can remove background or regional topogra-
phy of all larger scales from the slope statistics. In this way,
influence of features of different scales on the surface roughness
can be more or less effectively separated. However, the choice
of the particular definition of what is the “background” or “re-
gional” topography is not obvious. In this analysis we choose
not to remove regional slopes, leaving treatment of this prob-
lem until global data on longer baseline regional slopes are
obtained.

3.2. Comparison With the Inter-Quartile Scale

Another rank statistic, the interquartile scale variation of
topography (IQS), was proposed as a characteristic of the re-
gional roughness by Aharonson et al. [1998). IQS is the nor-
malized difference between the first and third quartiles of the
elevation-frequency distribution. Aharonson et al. [1998] cal-
culated IQS in a 100-km-wide window along the MOLA passes.

This statistic deals with the elevation frequency distribution
rather than with slope frequency distribution; hence it is a prin-
cipally different characteristic of roughness. One can create two
hypothetical models of stochastically rough surfaces with the
same IQS and very different median slopes, or vice versa. How-
ever, for natural surfaces it is reasonable to anticipate that
rougher surfaces will have both steeper typical slopes and
greater topographic variations. For most commonly. encoun-
tered surfaces, topographic variations at some baseline are due
to surface features of a spatial scale of the order of the baseline
or somewhat smaller. Hence IQS at some baseline can be an-
ticipated to correlate with slopes at the same baseline or some-
what shorter.

We calculated the IQS in a 50-km-wide sliding window along
the passes and compared the results with median slopes calcu-
lated in the same window. We found a very close correlation be-
tween the IQS and the median slope at the 25-km baseline. This
means that the IQS, although a different measurement in prin-
ciple, characterizes roughness in the same way as the median
slope at this baseline. The median slope profiles, in addition to
averaging in the 50-km sliding window, have an additional
smoothing due to the long (25 km) baseline. As a result, a map
of IQS is very similar to a map of 25-km baseline median
slope, but has somewhat sharper boundaries. The latitudinal
variations of point-to-point distance do not cause any bias in
IQS. From the other hand, the median slope allows the treat-
ment of both long-baseline and short-baseline roughness in
the same way, up to the baseline equal to the point-to-point
distance. The IQS can be calculated only for the baselines con-
taining more than a few points. This factor lead us to chose
median slope, rather than IQS, for this study. i
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3.3. Maps of Surface Roughness

We calculated the median slope for our set of baselines in a
sliding 50-km-long window along all 205 of the MOLA passes
for the Hiatus and Science Phasing Orbit (SPO) Phases 1 and 2.
We then put the results in a polar map projection and interpo-
lated to produce a map. We chose an interpolation procedure
that preserved maximal possible resolution of the map, in con-
trast-to cosmetic interpolation. The resolution is about 15 km
at high latitudes (55°-87°) where the density of MOLA data
points is high. At lower latitudes the resolution is much lower
because of the wider spacing of the orbits.

Plate 1 and Figure 4 is a composite image of such maps for
0.4-km baseline (blue), 3.2-km baseline (green), and 25-km
baseline (red). Brighter shades denote steeper slopes. Such a
presentation allows one to gain an overview of both the gen-
eral roughness of the surface (brighter = rougher; darker =
smoother) and the details of the dependence of the median slope
on scale. For example, blue shades in Plate 1 indicate the
dominance of small-scale roughness, such as the linear dune
fields in Olympia Planitia adjacent to the polar cap (180°). The
regional slope at the southern part of Olympia Planitia con-
tains some admixed red color, producing a pink shade.. Reddish
and brown shades indicate relatively smooth regional slopes
and the absence of small-scale roughness (e.g., the inner parts
of the polar cap; the northern base of Alba Patera, 90-130°).
The break in regional slope at the boundary of Alba Patera is
clearly seen. The northern lowlands (Vastitas Borealis) are dark
green, showing the general smoothness and dominant 3-km
scale of the surface roughness of this region and the Vastitatis
Borealis Formation contained within.

Features appearing bright in the map are generally rough.
Note that the bright peripheral parts of the polar cap (regions
characterized by a steep marginal scarp and deep troughs) are
reddish, illustrating their smoothness at small scale. Other
bright areas within the northern plains are impact craters and
elevated patches of residual ice. These rough objects are green-
ish in the map, showing the absence of regional slopes. The
dichotomy boundary is clearly seen in the map. All areas above
the boundary have a bright spotty pattern showing a great vari-
ability in roughness, including large-scale slopes (orange
shades).

4. Roughness of Geologic Units and Its Scale
Dependence

4.1.  Geologic Units

We digitized the geologic maps of Mars [Scott and Tanaka,
1986; Greeley and Guest, 1987, Tanaka and Scott, 1987] in
order to select MOLA data points corresponding to specific
geologic units. The purpose of this exercise was to determine if
individual units or groups of units were characterized by dis-
tinctive surface slopes and whether such characteristics were
sufficiently different that they could be used in the definition
and characterization of units, and as an aid in the interpretation
of their origin and evolution. Among the units mapped by
these authors, we limited our study to geologic units that have
sufficient area in the northern hemisphere of Mars to contain
more than 10,000 MOLA data points. We excluded segments of
MOLA passes located 25 km on both sides of unit boundaries in
order to ensure that the whole baselines were located within a
specific unit. In addition, this decreased the influence of any
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Plate 1. Map of median slope in 50 km wide sliding window. Blue channel, 0.4-km baseline; green channel, 3.2-km
baseline; red channel, 25-km baseline."
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Figure 4. Sketch map showing locations of major features
and structures.

inaccuracy in locating unit boundaries on digitized geologic
maps and their possible geodetic errors. As a result, most of
major steep regional topographic slopes, for example, the po-
lar cap scarps and global dichotomy scarp, were excluded from
consideration. Thus our statistics reflect the nature of inner or
typical roughness of units, rather than topography associated
with their boundaries.

The units studied are the following, and more detailed de-
scription of the units can be found in the map legends [Scott
and Tanaka, 1986; Greeley and Guest, 1987, Tanaka and Scott,
1987]: (1) old heavily cratered highland plateau units: Npl,,
cratered unit; Npl,, subdued cratered unit; Npld, dissected unit;
Nple, etched unit; (2) relatively old tectonized volcanic plains:
Hr, ridged plains; (3) relatively old Vastitas Borealis Forma-
tion members, plain units that occupy the vast majority of the
northern lowlands on Mars: Hvk, knobby member; Hvm, mot-
tled member; Hvg, grooved member; Hvr, ridged member; (4)
different relatively young volcanic plains: Ael, and Ael,, two
members of Elysium Formation; Aa,, Aa,, and Aa,, Arcadia
Formation members; Aam, a member of Alba Patera Formation;
(5) relatively young plains of uncertain or diverse origin: Apk,
knobby plains; Aps, smooth plains; (6) the polar cap material:
Api, ice deposits; Apl, layered deposits; and (7) circumpolar
plains material: Am, mantling deposits; Adl, linear dune fields.

For each of these units we calculated the median slope for
our set of seven baselines. This allowed us to study how typical
surface roughness varies with scale.

Comparison of the geologic maps with the roughness map
(Plate 1) showed a correlation of changes in roughness and
some unit boundaries. Some variations within units were also
observed. In this case, the median slope reflects properties of
the dominant part of the unit. For example, the patches of rem-
nant ice outside the polar cap (belonging to the Api unit in the
map of Tanaka and Scott [1987]) are bright green in the rough-
ness map, while the polar cap itself (belonging to the same Api
unit) is reddish. In this case the median slope characterizes the
typical roughness of the polar cap because the remnants have a
much smaller surface area.
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Figure 5 shows the relationship of median slope as a func-
tion of baseline length for various geologic units, and this
provides information on the distinctiveness of units as a
whole. Three fundamental observations can be made, as
follows.

1) Most units have distinctive characteristics of median
slope at these scales and are commonly separable from one an-
other (e.g., the lines do not cross). For example, old heavily
cratered highland plateau units are significantly different at all
scales from the Vastitas Borealis Formation (compare Figures
S5a and 5b).

2) Several units show very tight clustering, suggesting that
they share similar slope characteristics. For example, the
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Figure 5. Dependence of the median slope on the baseline
length for selected geologic units. Logarithmic scale on both
axes. The dependence for units Npl, (typical highland plateau
unit), Hvk (typical Vastitas Borealis Formation unit), and Aa,
(extremely flat plains) are shown on all plots (Figures 5a-5d) as
a reference.
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subunits of the Vastitas Borealis Formation are very similar,
despite distinctive morphologic/topographic differences in
their definition (grooves, craters, knobs, and ridges).

3) A few units show major variations as a function of base-
line length (for example, linear dunes, Figure 5d; see
discussion below).

The members of the Hesperian-aged Vastitas Borealis For-
mation, plains units that occupy the vast majority of the
northern lowlands on Mars, are smoother than the global aver-
age at all wavelengths. Hvg, the grooved member, is the
roughest of the subunits and is rougher at shorter wavelengths,
consistent with the presence of pervasive troughs and poly-
gons of a few kilometers across. The old Nectarian-aged heav-
ily cratered highland plateau units (Figure Sb) are tightly clus-
tered and all rougher than the global average at all scales.
Among these units, Npl,, the subdued cratered unit, tends to be
smoother than the others, consistent with its interpretation as
a cratered unit subdued by eolian processes and deposits. The
relatively old Hesperian-aged tectonized volcanic plains, Hr
(ridged plains; Figure 5b), are much smoother at all scales than
the heavily cratered highlands but still uniformly rougher than
the global average and all members of the Vastitas Borealis
Formation (compare Figures 5a and 5b).

A large number of young (Amazonian-aged) plains units in-
terpreted to be of volcanic origin are seen in this region in
Tharsis, Elysium, and portions of the northern lowlands, par-
ticularly Arcadia. These units are predominantly smoother than
the global average (compare Figures Sc and 5a). Two of these
units (Arcadia Formation member Aa;; Elysium Formation
member Ael;) fall in the range of the subunits of the Vastitas
Borealis Formation. Unit Aa, is slightly rougher at longer
baselines, and this may be due to the fact that it is somewhat
older and characterized by the presence of mare-type wrinkle
ridges. One member of the Elysium Formation, Ael, falls in
this same group at short baselines but is distinctly rougher at
longer baselines, exceeding the global average at baselines in
excess of 3 km. The reason for this is related to the fact that
this unit appears to be of volcanic origin and derived from the
main shields and related vents of the Elysium rise; thus the re-
gional slopes of the rise are observed at longer baselines.

A remarkably smooth unit is observed among this group.
The Amazonian-aged member Aa, of the Arcadia Formation is
the smoothest unit observed in the northern hemisphere at all
baselines (Figure 5). Aa, consists of smooth plains that occur
west of the Olympus Mons aureoles; these plains embay the
aureoles and the nearby fractured terra of Acheron Fossae [Scott
and Tanaka, 1986] and are the middle member of the Arcadia
Formation. This unit shows flow fronts in places and, together
with other members of the Arcadia, is interpreted to be of vol-
canic origin. This unit is younger in age than the Hesperian
Vastitas Borealis Formation, which probably underlies it. If
s0, then the emplacement of these lava flows has smoothed the
surface topography of the Vastitas Borealis Formation at all
baselines, particularly at the 1-3 km scale so typical of the
Vastitas Borealis Formation. These lavas must have an unusual
character compared to other volcanic units (Figure 5c), one
which is related to smoothness at all scales. In part, this may
be due to their emplacement on the already smooth Vastitas Bo-
realis Formation (particularly at longer baselines), but their
surfaces must also be very smooth at shorter baselines (hun-
dreds of meters) more indicative of flow surface morphology.
Analysis of high-resolution images of nearby Elysium Planitia
shows evidence for resurfacing by a very young, thin, appar-
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ently very fluid flow unit that appears regionally very smooth,
although rough at the few meter scale length [McEwen et al.,
1999]. Similar surface characteristics may occur in member Aa,
of the Arcadia Formation.

Amazonian-aged polar units also show distinctive character-
istics (Figure 5d). The polar cap material, Api, interpreted as
ice deposits, is smoother than the global average except at the
longest baseline. In addition, the median slope does not vary
significantly as a function of baseline, in contrast to almost all
other units. This is almost certainly related to the properties of
the ice substrate. Among the circumpolar plains materials occur
a variety of mantling deposits, including dune fields [Tanaka
and Scott, 1987; Dial, 1984; Thomas et al., 1992; Fishbaugh
and Head, 1999]. The linear dune field unit, Adl, is plotted in
Figure 5d and is characterized by a very high median slope at
short baselines (comparable to the heavily cratered terrain) due
to the presence of dunes whose wavelength is in this baseline
range, and much smoother surfaces at longer baselines,
smoother than the global average but generally rougher than
the slopes of the Vastitas Borealis Formation and most
volcanic plains.

In summary, this analysis demonstrates that many individ-
ual units and groups of units are characterized by distinctive
surface slopes (Figure 5), and these characteristics are suffi-
ciently different that they hold promise in the definition and
characterization of units. This analysis also shows that further
characterization of the slope properties of these and other
global units will provide information useful in the interpreta-
tion of their origin and evolution. In the future, following cir-
cularization of the Mars Global Surveyor orbit, data will be ob-
tained for a wider range of units in the southern hemisphere, in-
cluding the south polar cap and circumpolar deposits, units
within the large impact basins Hellas and Argyre, a range of up-
land plains of possible volcanic origin, and crater fill units of
possible fluvial origin [e.g., Scott and Tanaka, 1986; Greeley
and Guest, 1987; Tanaka and Scott, 1987].

4.2. Dependence of Median Slope on Baseline
Length

Slope values depend on the baseline length. Generally, the
shorter the baseline, the steeper the slopes. Figure 5 shows ex-
amples of the dependence of median slope (as a characteristic of
typical roughness) on the baseline length for a number of geo-
logical units. Figure 6 shows some typical examples of pro-
files. Note that the examples of the profiles are not statisti-
cally representative, although they are typical. For example,
the steep scarps seen in troughs in the polar cup are absent in
the Api profile shown.

It is seen that dependence of median slope on the baseline
length displays a wide variety of characteristics over the range
of different geologic units. The interpretation of these varia-
tions is aided by considering a hypothetical example. Let us
imagine a surface formed with some features with a typical spa-
tial dimension L and a typical height H. If the baseline length [
is much shorter than L (I<<L), a typical slope is H/L and does
not depend on /. This means that there is a dependence of the
horizontal segment of median slope versus baseline length. If
I>>L, the typical slope is H/l and thus is inversely propor-
tional to the baseline length. This translates into an inclined
segment of the dependence in the log-log plot with the power
law exponent of -1. Of course, real surfaces are formed of vari-
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Figure 6. Typical segments of MOLA profiles for some units:
Npl,, typical profile for heavily cratered highland, orbit 30,
38.5°N, 1.5°W; Hvm, typical profile of Vastitas Borealis For-
mation, orbit 27, 54.5°N, 245.5°W; Aa,, typical profile of ex-
tremely smooth Arcadia Formation volcanic plain, orbit 31,
28.5°N, 160.5°W; Adl, profile across linear dune field, orbit
31, 80.5°N, 138.0°W; Api, typical profile for the polar ice de-
posits, orbit 32, 81.0°N, 296°W. Profiles are arbitrarily shifted
vertically.

40 50

ous features of different scales. This results in the dependence
having different inclinations, between 0 and -1.

For example, for Vastitas Borealis Formation units (Figure
5a), the dependence of the median slope on the baseline length
is steeper for longer baselines. This means that at the scale
range considered, the topography is dominated by some fea-
tures with a typical spatial dimension of the order of 3 km (see,
for example, profile Hvm in Figure 6). Note that typical values
of the correlation lengths obtained by Aharonson et al. [1999]
for the northern plains are 4-6 km.

Another characteristic example is the Adl unit (linear dune
fields in Olympia Planitia). The typical horizontal scale of the
dunes is of the order of 1 km or less (Figure 6, profile Adl). The
dunes display a very high roughness at the shortest baseline
(Figure 5d). The roughness decreases sharply with increasing
baseline length (the power law exponent is almost —1). At 6
km baseline, when the median slope becomes as gentle as the
regional tilt of Olympia Planitia, the scale dependence almost
ceases (Figure 5d). Aharonson et al. [1999] obtained a correla-
tion length of less than 1 km for Olympia Planitia.

In order to summarize the variety of dependences of median
slope on baseline length, some parameters characterizing the
overall dependence would be useful. We approximated the de-
pendence of median slope on baseline length with a power law:

6,, = const [*,
where 6, is the median slope and [ is the exponent. We found
the best filling power laws separately for short baselines (0.4,
0.8, 1.6 km) and for long baselines (6.4, 12.8, 25.6 km), as il-
lustrated by Figure 7. In Figure 8 we plotted the short-base-
line exponent against short-baseline (0.8 km) roughness for
the set of units. In Figure 9 the long-baseline exponent is
plotted against the short-baseline exponent. The dashed line in
Figure 9 marks equal short-baseline and long-baseline expo-
nents in the diagram. Points close to this line correspond to a
fractal-like surface roughness. This means that the surface to-
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Figure 7. Example of the dependence of median slope on
baseline (as in Figure 5) showing definitions of short-baseline
and long-baseline exponents (unit Hvk).

pography is formed by a hierarchy of features of different scales
and that no scale is dominant. Areas well above the dashed line
in the diagram (low short-baseline and high long-baseline ex-
ponents) correspond to surfaces with a dominance of some fea-
tures of 1-10 km spatial scale. The lower right part of the dia-
gram (high short-baseline and low long-baseline exponents)
corresponds to surfaces with a deficit of 1-10 km features, that
is with a dominance of small-scale (<1 km) features and re-
gional (>10 km) topography. If there are no small-scale fea-
tures at all, both exponents are low (lower left corer of the
diagram).

4.3.

4.3.1. Highland plateau. Figures 8 and 9 show that
the roughness of all four highland units (Npl,, Npl,, Npld,
Nple) is relatively high and similar at all spatial scales consid-
ered (see also Figure 5b). The topography of the highlands is
probably largely inherited from heavy bombardment, and mor-
phologically observed traces of erosion, sedimentation and
tectonism have not influenced it at these scales. Note that unit
Npl, (subdued cratered unit) is slightly smoother at all scale
lengths than the other units, consistent with its somewhat sub-
dued appearance in Viking images.

Implications for Surface Processes
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Figure 8. Diagram showing the median slope on 0.8 km
baseline plotted against the short-baseline exponent for a
number of geological units on Mars.
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Figure 9. Diagram showing short-baseline and long-baseline
exponents for a number of geological units on Mars. Dash line
marks equal short-baseline and long-baseline exponents (frac-
tal-like surfaces).

4.3.2. Vastitas Borealis Formation. All four Vas-
titas Borealis Formation subunits (Hvk; Hvm; Hvg; Hvr) in the
diagrams (Figures 8, 9, see also Figure 5a) are very close to
each other despite apparent differences in surface morphology.
Observed surface features (knobs, grooves, ridges, rampart cra-
ters) contribute little to the slope-frequency distribution and
hence do not influence the median slope much. The slope dis-
tribution is dominated by ~3 km long ~0.3° steep irregular
background features (see examples in Figure 6, curve Hvm).
This gentle background topography is almost indistinguish-
able in the images. The striking similarity of roughness among
the varied Vastitas Borealis Formation subunits suggests a
possible similarity of surface formation and/or modification
processes. One candidate for the formation of these unusual
characteristics is that this unit was influenced by the presence
of a standing body of water. Parker et al. [1989, 1993] hy-
pothesized that the northern lowlands were occupied by a large
standing body of water earlier in the history of Mars. Several
tests using MOLA data are consistent with this hypothesis
[Head et al., 1998a]. Sedimentation from the hypothesized
body of water could have smoothed much of the regional
topography and perhaps introduced a characteristic scale length
not seen on other units of different origin. Other processes
that might have contributed to these unusual characteristics
include fluvial deposition from the major outflow channels,
pyroclastic mantling material from Alba Patera, circumpolar
deposit erosion and redeposition, and eolian processes
operating on any or all of these deposits.

The circumpolar mantling deposits (Am) are much younger
than the Vastitas Borealis Formation and they appear to be
thick enough to cover most preexisting craters [Dial, 1984;
Fishbaugh and Head, 1999]. Roughness and its scale depend-
ence for this unit are exactly the same as those of the Vastitas
Borealis Formation subunits; Am is in the cluster formed by
Hvk, Hvm, Hvg and Hvr units in Figures 8 and 9. These terrains
may have been formed by similar repeating or ongoing proc-
esses that produced the smoothness of the Vastitas Borealis
Formation. For example, Am is interpreted to be formed by
sediments derived from sublimation of the permanent ice cap
and by sediments from fluvial deposits, both redistributed by
eolian processes and covering older cratered plains.
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4.3.3. Volcanic plains. The volcanic plains display
a variety of roughness values. Some of them are noticeably
rougher than the Vastitas Borealis Formation, although there
are very smooth terrains, for example, the Arcadia Formation
unit Aa,, which is much smoother than Vastitas Borealis For-
mation. However no volcanic plains show the characteristic
feature scale of 3 km that is typical of the Vastitas Borealis
Formation. This supports the idea that the Vastitas Borealis
Formation surface was formed by distinctive surface processes.

5. Comparison With Other Data Sets

5.1.

We used the GTOPO30 digital elevation model of Earth con-
tinents (U.S. Geological Survey (USGS), public domain, URL
http://edcwww.cr.usgs.gov/landdaac/gtopo30/gtopo30.html,
released 20 May 1998) to compare the statistics of slopes with
MOLA data. This data set represents ground elevations.
GTOPO30 had been produced by compiling of a number of dif-
ferent data sets having different accuracy and resolution. For
the purposes of comparison with MOLA data, only two sources
used for GTOPO30 production had sufficient resolution and ac-
curacy: Digital Terrain Elevation Data by the National Imagery
and Mapping Agency [Defense Mapping Agency, 1986] and
the USGS digital elevation model [U.S. Geological Survey,
1993]. These two sources cover about 70% of the land area.
Only GTOPO30 data compiled from these sources were used.
The GTOPO30 grid element is about 0.93 km long in the merid-
ian direction; the resolution of the source data sets are much
better, and no additional smoothing had been applied when
generating GTOPO30 data; hence the GTOPO30 pixel for these
source data can be treated as a point measurement of elevation,
when the distance between points is greater than pixel size.
Thus the shortest possible baseline for these data is 2 pixels,
which is 1.9 km in the meridian direction. To calculate slope-
frequency distribution in a manner comparable to MOLA data
processing, we plotted evenly spaced meridian-directed virtual
passes and considered each GTOPO30 pixel as a footprint.

Quantization of the elevation values in GTOPO30 is too
rough. This makes it impossible to compare the slope-fre-
quency distribution for gentle slopes. Comparison of the me-
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Figure 10. Dependence of median slope on baseline length
for Earth (GTOPO30 data; see text for details) and Mars (all
MOLA data). Logarithmic scale on both axes. Shown also is
the extrapolation of the Earth dependence to short baselines
used for comparison with the characteristics of geologic units
on Mars (Figure 8 and Figure 9).
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dian slope and steep-slope distribution tails is possible, how-
ever. The dependence of median slope on baseline length for
the GTOPO30 and MOLA data are shown in Figure 10. The de-
pendence for Earth is almost linear in the log-log scale (fractal-
like behavior) and steeper than for most of the surface units on
Mars (Figure 10): the power law exponent absolute value is
very close to 0.5. This could also be partly due to gravity dif-
ferences: for example, gravity-driven ductile relaxation of to-
pography might start for some features of ~10 km spatial scale
on Earth but not on Mars. Comparison of these data and exami-
nation of Figure 10 show that average Earth continents are
smoother than martian highlands and rougher than Vastitas Bo-
realis and the majority of volcanic units on Mars. Parts of the
northern lowlands are smoother than Earth’s abyssal plains
[Aharonson et al., 1998].

5.2. Comparison With Other Planets

No presently available topography data for any planet other
than Earth are suitable for comparison with slope statistics
from MOLA instrument data. For adequate comparison, the to-
pography data should be of a spatial resolution of 1 km or bet-
ter and an accuracy of a few meters or better. The resolution of
direct radar altimeter tracking of Venus [Ford and Pettengill,
1992], and Mercury [Clark et al., 1988, Harmon and Campbell,
1988] and laser altimeter tracking of the Moon [Smith et al.,
1997] is insufficient for direct comparison. All photogrammet-
ric elevation models are based on elevation estimations for a
network of irregularly spaced control points. For robust esti-
mation of slope statistics, the typical spacing of the network
should be much shorter than the slope baseline. No regional
coverage with such high-resolution elevation models is
currently available.

5.3. Comparison With Radar-Derived Slopes

Indirect estimations of surface roughness using radar tech-
nique were widely used for characterization of prospective land-
ing sites on Mars [e.g., Masursky and Crabill, 1976; Simpson
et al., 1992]. Radar observations provide estimates of the sur-
face roughness at the baselines of the order of several to dozens
of the wavelength, that is, 10 cm to 10 m. These baselines are
much shorter than MOLA point-to-point distances, and this is
why direct comparison of radar measurement and MOLA-derived
median slopes is not possible. However, it is extremely inter-
esting to compare extrapolation of MOLA-derived scale de-
pendence of roughness to typical radar baselines.

Interpretation of radar probing results is not straightfor-
ward. Although many types of radar experiments gave results in
the form of estimates or maps of typical or RMS slope of the
surface, the values obtained with different radar techniques are
seldom compatible quantitatively. An instructive example was
given by Tyler et al. [1992]. They processed Doppler-delay ar-
rays obtained with the radar altimeter onboard the Magellan
Venus orbiter based on different a priori assumptions about the
shape of the backscattering function. Inferred RMS slopes of
the surface differed more than twice for different functions
taken, although all the methods gave reasonable (and consis-
tent) results about regional roughness variations. Thus one
should be aware of probable biases when comparing radar data
with direct slope measurements.

An excellent overview of radar data on the martian surface
was done by Simpson et al. [1992]. Reliable interpretation of
radar data in terms of surface slope is possible only if the re-
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flection of microwaves from the surface is well described by the
quasi-specular model. Not all terrains on Mars display such ra-
dar properties. The “Stealth” region in Amazonis Planitia, for
example, is extremely flat and smooth in MOLA profiles
[Aharonson et al., 1998] but displays extremely high rough-
ness if the radar data are interpreted through a quasi-specular
model. The most likely reason for the unusual radar behavior of
this region is subsurface scattering, rather than extremely high
meter-scale roughness [Simpson et al., 1992].

As noted by Simpson et al. [1992], the scattering properties
of the cratered terrains (highland plateau units) are well de-
scribed by the quasi-specular model with a typical RMS slope
about 3°. This value represents typical surface tilts at baselines
of about 1-10 m for 12-cm wavelengths. Our study has shown
that the highland plateau units display median slope of about
1.1° at the 0.4 km baseline (Figure 5) and a typical short-base-
line exponent of about 0.2 (Figure 8). Extrapolation with the
power law to 1-10 m baseline gives 3.6°-2.3° slopes, in good
agreement with the radar data.

5.4. Comparison With MOLA Pulse-Width-
Derived Roughness

MOLA pulse width data [Zuber et al., 1992; Smith et al.,
1998, Garvin et al., 1999] provide an independent estimation
of the differences in the surface elevation within a MOLA foot-
print. MOLA receiver saturation causes problems with using
pulse width data: e.g., “All pulse width acquired when MOLA is
in saturation must be discarded” [Garvin et al., 1999]. In addi-
tion, for the off-nadir measurements the slant distance depth of
the footprint dominates in the reflected pulse width, and the
roughness information cannot be extracted. Only 42% of
MOLA points in the whole Hiatus+SPO1+SPO2 data set have
“good” estimates of the pulse width.

Garvin et al. [1999] subtracted the contribution due to
along-track slope from the pulse width and obtained vertical
roughness. The spatial scale of this roughness estimator is de-
fined by the footprint diameter (180-300 m). Most estimates of
the vertical roughness were reported by Garvin et al. [1999] to
be in the range of 0.5-2.0 m; values up to 6 m were typical, al-
though infrequent. The northern lowlands display a rather uni-
form vertical roughness of about 0.9 m; small variations over
these plains are probably due to measurement noise and may
not reflect real changes in surface characteristics.

The vertical roughness (as is also the case with the IQS)
deals with distribution of elevations rather than with the distri-
bution of slopes, and hence is a principally different character-
istic of the surface roughness. Analogy with the IQS suggests
that the vertical roughness might correlate with the slopes at
about the half-footprint baseline. The mean value of the verti-
cal roughness for the equatorial uplands reported by Garvin et
al. [1999] is 2.8 m; this height difference corresponds to 1.6°
slope at a 100-m baseline. This slope is close to the 1.5° slope
suggested by the extrapolation of the highland plateau median
slopes to 100-m baseline (see above). Thus the order of magni-
tude of typical vertical roughness for the highlands is consis-
tent with kilometer-scale slopes and radar estimates. The situa-
tion is different in the northern lowlands. The mean value of
the vertical roughness of 0.9 m [Garvin et al., 1999] corre-
sponds to a 0.5° slope at the 100 m baseline, much higher than
the 0.08° slope derived by the extrapolation of median slopes
for the Vastitas Borealis Formation.

Although high values of vertical roughness are usually at-
tributed to regions of steep topography, the correlation be-
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tween kilometer-scale median slopes and the vertical roughness
is not close. An example of terrains showing the same median
slopes and very different pulse widths was described by Cooper
and Mustard [1999]. In summary, the pulse width data, if valid,
provide information about the surface essentially compatible
and complementary to the point-to-point slope data.

6. Steep Slopes

6.1.

As we described above, the slope-frequency distributions
have very long tails. In comparison to the median slope, very
steep slopes are typical though not frequent. Examples of the
steep-slope tails of the distribution are shown in Figure 11 for
a set of geologic units. Both axes in the plots are in logarith-
mic scales. This type of presentation is useful for comparison
of long distribution tails. The steep-slope tails of the distribu-
tions contain a small proportion of the data points. With the
amount of data available, we have to combine geologic units to
obtain good statistics of steep slopes.

The Vastitas Borealis curve in Figure 11 corresponds to
most of the northern lowlands (units Hvk, Hvm, Hvg, Hvr, and
Am). Vastitas Borealis is deficient in steep slopes, and the fre-
quency distribution slope change is seen at about 0.5°-2° (Fig-
ure 11). The rare steeper slopes are probably related to fresh
impact craters and are not typical for this terrain. The typical
few-kilometer-scale topographic features forming the surface of
Vastitas Borealis (Figures 5b, 8, 9) never have steep slopes.

Statistics of Steep Slopes
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Figure 11. Steep-slope tails of the cumulative slope-fre-
quency distributions. Logarithmic scale on both axes. Baseline
length used is (a) 1.6 km for Mars and 1.9 km for the Earth, and
(b) 12.8 km for Mars and 14.8 km for the Earth.
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The Highland Plateau is represented by a set of units marked
as Npl,, Npl,, Npld, Nple, Nplh, Nplr in the geologic maps.
The highland plateau has a relatively large number of steep
slopes. The rough topography of this old terrain is known to
be inherited from heavy bombardment. The presence of steep
slopes here shows that this terrain can maintain steep slopes
for a geologically long time.

For the polar cap curve in Figure 11 we took both ice (Api)
and layered (Apl) polar deposits. The polar cap is generally
smoother than the highlands. For short baselines (Figure 11a),
it has a deficit of 1°-10° slopes in comparison to the highland
plateau. The polar cap is thought to be made of ice-dominated
material [e.g., Thomas et al, 1992]. Ice is much more ductile
than silicate rocks. The ice-rich material of the polar cap
probably cannot retain steep slopes, and relaxation processes
may occur [e.g., Zuber et al., 1998]. However, extremely ‘steep
slopes (>20°) in the polar cap are as frequent as in the high-
lands. These slopes are related to the major polar cap marginal
scarp, troughs, and Chasma Boreale. The presence of such steep
slopes in the presumably ductile material of the polar cap may
provide evidence for some recent or ongoing slope-forming
processes [e.g., Zuber et al., 1998]. For longer baselines (Fig-
ure 11b) the polar cap does not have extremely steep slopes.
This is partly because the total height difference here is only 1-
2 km, a few times smaller than that for highlands.

Figure 11 also shows the distribution of the steep slopes on
Earth continents derived from the GTOPO30 digital elevation
model described above. For short baselines, steep slopes on
Earth are as frequent as those on martian highlands. With in-
creasing baseline length, the proportion of steep slopes on
Earth decreases much faster than that for martian highlands
(compare Figures 11a and 11b). The difference is partly due to
the somewhat smaller general topography amplitude on Earth
than on Mars. The presence of abundant large impact craters on
Mars is another obvious reason for this difference. Erosion by
water on Earth, effectively producing short steep slopes, also
contributes to the difference.

6.2. The Steepest Slopes

For kilometer-scale baselines, slopes steeper than the angle
of repose are scarce. Such slopes indicate either relative youth
or an unusual mechanical strength of the material. Studying the
steepest slopes with MOLA data, one needs to take into account
that the slopes are measured along profile. The measured slope
of a linear scarp will be steeper if the scarp is normal to the
MOLA pass and gentler if the pass crosses the scarp at some
angle. This means that MOLA data, with their present between-
profile density, do not permit an exhaustive search to be made
for the steepest slopes, even in the areas of presently relatively
dense spacing of profiles.

We searched the complete MOLA data set for the steepest
point-to-point slopes. We found that a total of 105 point-to-
point segments have slopes steeper than 35°. Nine of these are
probably data errors associated with some processing problems
or caused by near-surface haze or clouds. The rest are associated
with apparently steep features on the surface. The numbers of
the steep segments associated with features of different types
are listed in Table 1, and some examples are shown in Figure
12. We grouped the features in the following classes: impact
craters, the polar cap scarps (Figure 12c), Olympus Mons and
its aureole, tectonic (Figures 12a and 12b) and erosion features.
The slopes of steep segments are sorted according to these fea-
ture classes in Figure 3.



21,922

Table 1. The Steepest Slopes on Mars

Feature Type Number of  Number of
Segments Segments
Steeper Steeper
Than 35° Than 40°
Impact craters 6 0
The polar cap scarp 38 19
Chasma Boreale 18 11
The scarp itself 20 8
Olympus Mons scarp and aureole 10 1
Olympus Mons scarp 1 0
Aoa, 8 1
Aoas 1 0
Grabens, channels, fretted terrains 42 10
Elysium Fossae 9 1
Grabens around Alba Patera 4 1
Acheron Fossae 1 0
Valles Mariners 7 2
Noctis Labyrintus 11 2
Kasei Valles 4 0
Fretted terrains 6 4
Suspected erroneous data 9 8

Aoa,, Aoa;, the uppermost geological units in Olympus Mons
aureole according to Scott and Tanaka [1986].

6.2.1. Impact craters. Only six steep measured seg-
ments of impact crater walls have slopes steeper than 35°, and
none of them are steeper than 38°. Crater walls are formed dur-
ing the modification stage of crater formation [e.g., Melosh,
1989], when surface material is mobilized after the shock wave
has passed. In this situation, walls with slopes steeper than the
angle of repose cannot easily be formed. This agrees with the
observed absence of extremely steep slopes for the crater walls.

6.2.2. Tectonic and erosion features. The steepest
segments in tectonic and erosion features are usually parts of
very high scarps (more than 1 km high). For these scarps, as
well as for the crater walls, the steepest segments of slopes
tend to be in the upper part of the scarp (Figures 12a and 12b).
This can be relatively easily understood in terms of slope proc-
esses: mass-wasted material forms relatively gentler slope near
the scarp base, while active downward sliding of material fa-
vors steeper intermediate to upper parts of the scarps, and bed-
rock cliffs, from which debris is being weathered and shed,
have the highest slopes.  Although the orbits cross virtually all
graben systems in the northern hemisphere, only a few graben
systems display very steep slopes in MOLA profiles. The or-
bits cross several outflow channels in the northern hemi-
sphere, but only Kasei Valles has very steep slopes.

6.2.3. Olympus Mons aureole. In the Olympus Mons
aureole the steepest slopes are observed predominantly in the
youngest subdivision of Scott and Tanaka [1986], unit Aoa,,
although orbits also cross other subdivisions. This difference
seems most plausibly attributed to slope degradation with time.

6.2.4. The polar cap. A large number of the steepest
slopes in the polar cap (Table 1, Figure 3) may be explained
partly by the high concentration of MOLA measurements at the
region of multiple orbit crossings at high latitudes. In any
case, it is seen that the polar cap scarp does have very steep
slopes (Figure 12c) [Zuber et al., 1998]. The upper part of
Chasma Boreale is charactetized by the steepest site in the po-
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lar cap and in the entire surveyed part of the surface. Once
again, the presence of the extremely steep slopes in this mate-
rial is evidence for young and/or dynamically formed steep
topography.

7. Conclusions

1. Martian surface slopes can be calculated at baselines from
0.4 to 25 km using MOLA profiles and compared to assess gen-
eral behavior and relation to geologic units.

2. Median slope is proposed as a characteristic measurement
of the typical surface roughness at each corresponding scale
and is favored over RMS slope because it is not influenced by
the small number of higher slopes at the upper end of the slope-
frequency distribution tail.

3. Median slope complements interquartile roughness char-
acterization in that it is more sensitive to smaller baseline
slopes.

4. Maps of the median slopes of the northern hemisphere of
Mars can be used to characterize typical kilometer-scale rough-
ness for a set of geologic units mapped in the northern hemi-
sphere. This analysis demonstrates that many individual units
and groups of units are characterized by distinctive surface
slopes, and that these characteristics are sufficiently different
that they hold promise for use in the definition and characteri-
zation of units.

5. Characterization of the slope properties of geological
units provides information useful in the interpretation of their
origin and evolution. The generally smooth topography of the
diverse Vastitas Borealis Formation is dominated by about 3
km, 0.3° steep features, and this unit differs distinctly from
other geological units on Mars. The similarity of roughness
characteristics of the several highland plateau units suggests
that kilometer-scale topography was largely inherited from the
period of heavy bombardment. The northern polar cap and lay-
ered terrains are largely very smooth at small scale.

6. The long, steep-sloped tails of the slope-frequency dis-
tributions are compared for the dominant terrain types on Mars
and Earth continents. Terrestrial continents are smoother than
cratered highlands but rougher than the Vastitas Borealis For-
mation and most volcanic plains. No global or regional topog-
raphy data for terrestrial planets have a resolution and accuracy
sufficient for comparison of slope statistics with MOLA data,
except the topography of vast land areas on the Earth, and
some seafloor data.

7. All observed slopes much steeper than the angle of re-
pose are located; steep slopes occur in the upper parts of tec-
tonic scarps, most likely representing bedrock exposures, in a
few crater interiors, and in the presumably ductile polar cap
(suggesting geologically recent and/or ongoing formation of
these polar cap slopes).
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